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Summary
Background: In a retrospective study, risk factors for complications after the bridging of mandibular defects using reconstruction plates were reviewed. Especially the loosening of the plate-screw-mandible complex should be analyzed with a finite element model in order to reduce plate complications in future. Patients and Methods: We examined 60 patients who underwent a treatment with reconstruction plates after tumor resection during a period of 10 years. The problem of screw loosening was additionally reviewed by means of a finite element study, and a model for the loosening process was developed. Results: Our postoperative examination showed that 26 patients suffered from complications that required an early removal of the plate. These complications were oral or extraoral plate exposures, the looseness of screws with or without plate displacement, and plate fractures. Thereby, we noticed that maxillary and mandibular areas of opposing teeth, the size of the mandible defect, and the crossing of the orofacial midline are all risk factors for plate complications. On the basis of the finite element model, a modified arrangement of the screws was derived. Hence, a new type of resection plate was established. Conclusions: By repositioning the screw holes along the long axis of the plate, the transition from tensile force to torque force of the screws in the screw-plate-bone complex can be minimized. Thereby, the complication of screw loosening will be considerably reduced.
Introduction
Mandible defects without immediate reconstruction of the discontinuity might lead to disturbances of mastication and swallowing. Along with speech impairment, normal mandibular range of motion and breathing might also be affected. Deficits in the external anatomy and appearance of the face may be observed [1] . These common ailments might be prevented by immediate reconstruction of the submandibular defect using free or vascular pedicled bone transplants as well as by implementing resection plates [2] . Common complications, such as plate fracture, screw or plate loosening, and/or oral or extraoral plate exposure have been observed in the use of titanium reconstruction plates [3] [4] [5] [6] [7] [8] . In most cases these complications require the removal of the plate. The goal of this study was to reduce the number of complications following the implantation of titanium plates by analyzing the reasons for plate loss. Using the finite element model, the process of screw loosening within the plate-screwmandible complex was displayed experimentally and analyzed. Finally, a modification of the shape of the reconstruction plate was developed.
Patients and Methods
Sixty patients with tumor diseases underwent a mandibular arch resection with separation of the continuity at the Department of Oral and Maxillofacial Surgery at Dresden University of Technology between 1991 and 2001. The resulting bone defects were bridged with titanium resection plates. The patient group consisted of 44 men and 16 women. The patients' mean age was 55.6 and 60.9 years, respectively. In 59 cases patients suffered from tumors of the oral cavity; in 1 case the patient suffered from a tumor of the skin of the cheek. The mandible defects are assigned to 5 groups according to the corresponding region ( fig. 1 , A-E): A -ascending mandible and angle of the ramus to the premolar region of the same side; B -ascending mandible and angle of the ramus to the anterior region of the same side; C -ascending mandible and angle of the ramus to the contralateral side (across the midline); D -condylar process (processus condylaris) to the anterior region without crossing the midline; E -interforaminally (anterior region between right and left mental foramina (foramina mentalia). Three different plate shapes were implanted: The 'SORG system' (mandible reconstruction system; Martin Medizintechnik, Tuttlingen, Germany) was used in 28 patients; the 'Würzburger reconstruction plate' (Leibinger, Freiburg, Germany) was implanted 30 times; and the 'AOresection plate' (Straumann Institutes AG, Dept. Synthes, Waldenburg, Switzerland) was used in 2 cases. The particular plate system was applied according to the manufacturer's specification and according to the corresponding instrument. Soft-tissue defects in the area of the floor of the mouth, the tongue, the mandible alveolar bone, the buccal mucosa, and the peritonsillar region were covered either by local tissue, by a pedicled lobe plastic technique, or by microsurgical soft-tissue transplantation. When the defect could not be closed with the soft tissue in the area of the defect, shifting and lobe plastic techniques were employed. The pedicled approaching flap technique was performed using the nasal-labial lobe. Additionally, the pedicled myocutaneous distal flap technique was performed using the pectoralis Markwardt/Pfeifer/Eckelt/Reitemeier isle flap in 13 cases and the temporal flap in 2 cases. Finally, using the microsurgical technique, the distal radial forearm flap was transplanted in 6 patients, the myocutaneous latissimus dorsi flap in 1 patient, and the jejunal flap in 7 patients; respectively. All cases included in our examinations did not show any healing disorders of the flaps. The postoperative examination of the teeth revealed that 20 patients were edentulous. The remaining patients were partially edentulous in either the maxilla or mandible or in both arches. Eichner's classification of regions of mandibular and maxillary opposing teeth deals with a functional orientation of teeth in partially edentulous occlusion. According to the group classification of partially edentulous arches by Eichner [9] , we could assign no patient to group A, 26 patients were assigned to group B, and 34 patients to group C. In terms of the complex oncological treatment, 49 of the 60 patients received radiation therapy. Of those 49 patients, 14 were irradiated preoperatively and 23 postoperatively. 11 patients received both pre-and postoperative radiation. Additionally, 1 patient was treated with a combination of radiation and chemotherapy. All patients underwent a standardized follow-up. The medical records from December 1991 to September 2003 were also analyzed. The time of the incorporation of the plate, the onset of any complications, and the time interval between surgery and the scheduled plate removal followed by mandible reconstruction via bone transplantation were recorded. During the removal of the plates we regularly observed the looseness of screws as depicted in figure 2. This figure shows the intraoperative site with the surface of the mandibular bone and the screwed plate. All three visible screws were loose. The screw closest to the defect was found to have the greatest amount of looseness. As the screws become loose and the whole plate also becomes loose, ultimately, a granulation tissue develops between the plate and the mandibular bone. The plate movement leads to bone erosions and the deposition of granulation tissue between the plate and the mandibular bone.
Statistical Analysis
A follow-up analysis was performed using SAS software (SAS/STAT User's Guide, Version 9, SAS Institute Inc., Cary, NC, USA, 2006). Major event was defined as the onset of any complications following the bridging of mandible defects by reconstruction plates. All patients reached one of three concurrent events or they were considered to be censored (e.g. due 
Experimental Approach
In order to investigate possible causes for the loosening of the plate screws and to reach a uniform force distribution among the screws, we performed a finite element study using the finite element program ANSYS 5.3 (Ansys, Inc. Southpointe, 275 Technology Drive Canonsburg, PA 15317, USA). A simplified model of the resection plate that crossed the midline was chosen for a load-bearing capacity analysis.
Results
Twenty-six complications related to the implanted plates were recorded in 60 patients (43%). We observed 13 oral or extraoral plate exposures, the looseness of the screws or the whole plate in 11 cases, and a plate fracture in 2 patients. When investigations of the localization and the extent of the mandible defects were performed, analysis revealed that the most frequent defects occurred in the region of the ascending mandible to the premolar region (group A). Groups A and B showed the highest occurrence of screw and plate looseness, whereas the exposure of the plate occurred mostly in groups C and E (table 1) . The analysis also included radiation and chemotherapy. 48 out of 60 patients received radiation therapy; 22 of the irradiated patients suffered from complications. The chi-square test (SPSS 11.5) results in p = 0.526, so that there is no significant difference concerning the radiation therapy and the complications. Analysis of the ratio of remaining teeth after segmental mandibulectomy and premature plate loss revealed that out of 26 patients affected, 12 had a remaining tooth in either the maxilla or mandible with at least 1 to 3 regions of opposing teeth. 9 patients were edentulous or had only single teeth without the presence of opposing teeth. The most important results are depicted in table 2. These results show that the problem of oral or extraoral plate exposure is not dependent on the number of remaining teeth, including regions of opposing teeth. Larger mandible defects crossing the midline (defect groups C and E) are considered to be a higher risk factor for oral exposure of the plate late in the follow-up. The force generated by the muscles of mastication and transferred through the region of the opposing teeth in the maxilla or mandible seems to cause the observed looseness of the screws. Similarly, plate fractures seem to be caused by the presence of opposing teeth on the opposite side of the mandible from plate or by material fatigue due to bending and torsion of the plate during surgical implantation. The statistical analysis made by estimating the cumulative incidence of concurrent risks shows the risks of plate complications. The lowest risk can be observed for plate fractures, the highest risk for plate exposure and screw looseness. The cumulative incidence of plate exposure and screw loosening follows the same pattern: plate fractures occur late in the follow-up ( fig. 3) . The experimental approach, using a simplified model of a reconstruction plate that extended past the midline, revealed two different phases of the loosening process ( fig. 4) . During the first phase, the force of mastication has a leverage effect on the screw. Assuming a force of 300 N, the tensile force on the screw closest to the defect will be around 1,000 N. The tensile force on the successive screws, depending on the torsion (torque), might be as much as 30% lower. The initial connecting points of the mandible-plate and the plate-screw complex are depicted in figure 4 via short blue arrows. In the second phase, the tensile force leads to the loosening of the screw. Force is now exerted by the plate on the screw at two points initiating a turning moment (torque) instead of tensile force. The short blue arrows in figure 4 (phase II) depict the connecting points of the plate-screw complex. These test results have led to a new model of the plate. The position of the screws was adjusted. The shape of the plate and the position of the screw holes were changed. By using the new form, based on the theoretical construct, the transition from tensile force to a torque on the inner screw can now be avoided ( fig. 5, 6 ). Consequently, the screws experience only tensile force. While the force of mastication stays the same, the tensile force can be reduced by an estimated 30% ( fig. 7) .
Discussion
Based on clinical experience won through the surgical removal of mandible resection plates as well as on the results of the experimental approach using the finite element program, it is now possible to extend the duration of plates implanted in the mandible. This extended duration can be achieved by making adjustments in the plate shape, according to current knowledge of mandible biomechanics, thus stabilizing the plate-mandible complex. In 1960 it was discovered that normal functional strain or force on the mandible leads to a deformation of the mandibular arch. Jung [10] , Marx [11] , and in 2006 Yamashita et. al. [12] , also showed that a compression of the mandible in the transverse direction always leads to a rotational motion (torque). Furthermore, it was concluded that a unilateral force on the mandible produces a torque on the mandible. This torque causes a convexity of the mandibular arch on the loaded side and a concavity of the arch on the unloaded side. Surveys of the mechanical parameters of the human mandible and the in vivo reaction of compact bone revealed by Arendts and Sigolotto [13, 14] showed that the reasons for postoperative complications might be due to a change in the biomechanics of bone after the implantation of technical devices (e.g. plates). Vital bone tissue is a complex material system which has the capacity of adjustment (i.e. new modelling), regeneration (i.e. remodelling), and self-healing (i.e. bone fusion). Torsion force loads the mandible in a rotational direction, and this force seems to be responsible for loosening the resection plate screws. Excessive loss of the different muscles of mastication combined with the effects of mandible defects, requiring the implantation of adequate resection plates, both contribute to a pattern of forces at work on the mandibular bone and plate attachment area. Another source of torque on the resection plate and the underlying mandibular bone may be the presence of opposing teeth on the opposite side of the mandible from the plate implant. The differences in vertical dimension between the edentulous resection plate region on one side of the arch and the region of opposing teeth on the opposite side of the arch could also be an additional stress at the resection plate attachment. Korioth and Hannam [15] demonstrated by using the finite element program that the forces from regions of opposing teeth can cause mandible deformation. The problem of plate complications and its effects were also documented by other authors (table 3) [3-5, 7, 16-20] . The clinical follow-up of our patients revealed that loosening of screws and plates occurred in 9 of 11 patients who had 3 or 4 regions of opposing teeth on the intact side of the mandible. The process of plate exposure was observed in 13 patients: 7 of whom were edentulous after the surgical procedure was performed; 4 of whom had only single teeth remaining within the oral cavity without regions of opposing teeth; 2 of whom had 1 or 2 regions of opposing teeth. This finding is most frequent (9 of 13 patients) in plates crossing the midline. Our findings support the conclusion that the presence of opposing teeth, found postoperatively among the remaining teeth, could be considered a risk factor for screw loosening.
The size of the mandible defect and the necessity for crossing the midline are instrumental in the process of plate exposure. Frequent torsion and the presence of opposing teeth also seem to be risk factors for plate fracture. Plate exposure occurs early in the follow-up compared to the process of screw loosening. Plate fractures have a very late onset. The average time from surgery to plate exposure was 5 months. Average time to plate loosening was 11 months, and to any observable plate fractures, 22 months. The risk factors, especially with regard to plate loosening, have been corroborated by the experimental finite element program.
Conclusions
Through the force of the muscles of mastication, the different movements of the mandible cause a load on the rigid screwplate-mandible complex. Related to this load is a surface pressure between the reconstruction plate and the screw. The load on the screw changes from a tensile force to a rotational or torque force caused by these various directions of force from the musculature. Initially, the force acts only on the screw closest to the defect. The torque causes the screw to loosen and move out of the bone. For this reason, a modification of the plate in the area of the screw attachment is proposed. The purpose of this plate modification would be to keep the screws under tensile force, thereby preventing a change form tensile force to torque force on the screw closest to the defect. By repositioning the screws along the long axis of the plate, the transition from tensile force to torque force can be minimized ( fig. 7) . In this way, the risk for a destabilization of the plate by screw loosening can be considerably reduced. 
